Abstract-Using stochastic geometry, this letter studies the retransmission performance in uplink cellular networks with fractional path-loss inversion power control (FPC). We first show that the signal-to-interference-ratio (SIR) is correlated across time, which imposes temporal diversity loss in the retransmission performance. In particular, FPC with lower path-loss compensation factor decreases inter-cell interference but suffers from degraded retransmission diversity. On the other hand, full path-loss inversion achieves almost full temporal diversity (i.e., temporal SIR independence) at the expense of increased inter-cell interference. To this end, the results show that ramping-down the power upon transmission failure improves the overall coverage probability in interference-limited uplink networks.
While stochastic geometry provides a comprehensive mathematical framework to characterize large-scale networks, the interference spatiotemporal correlations are ignored in the majority of the literature for the simplicity of treatise [6] . However, accounting for the spatiotemporal correlations becomes indispensable when studying spatially and/or temporally proximate events. For instance, the work in [7] shows that the spatial interference correlation between legitimate users and proximate eavesdroppers highly degrades opportunistic secure downlink communications in cellular networks. Drastic diversity loss in MIMO systems are highlighted in [8] and [9] due to the inevitable spatial interference correlations across the antenna branches. Retransmission diversity loss is reported in [9] [10] [11] due to the temporal interference correlations across subsequent time-slots. The negative impacts of spatiotemporal interference correlations are further highlighted in systems that involve simultaneous transmissions to proximate devices and retransmissions over consecutive time-slots such as cooperative relaying networks [12] and cooperative non-orthogonal-multiple-access networks [13] . However, the models in [8] [9] [10] [11] [12] [13] focus on either downlink cellular or ad-hoc networks. To the best of the authors' knowledge, the effect of spatiotemporal interference correlation in uplink cellular systems is never addressed in the literature.
This letter characterizes the temporal diversity loss in uplink cellular networks with fractional path-loss inversion power control (FPC). Particularly, we focus on the joint event of successful packet transmission in two consecutive time-slots, where the fractional path-loss compensation factor ∈ [0, 1] is varied in the retransmission to improve the overall success probability (i.e., within any of the two time-slots). To this end, we study the effect of FPC on the temporal SIR diversity and assess the impact of varying on the overall success probability. The results show that power-down ramping (i.e., decreasing ) strategy is preferable for interference-limited uplink cellular networks, which contrasts the conventionally adopted power-up ramping strategies.
II. SYSTEM MODEL We study a single-tier uplink cellular network with singleantenna base stations (BSs) that are modeled via a homogeneous Poisson point process (PPP) Ψ B with intensity λ B . The users equipment (UEs) point process Ψ u is constructed by uniformly dropping one UE in the Voronoi cell of each BS. 1 Universal frequency reuse and always active UEs are assumed. We consider the power-law path-loss attenuation model, with exponent η > 2, such that the signal power decays at the rate d −η with the distance d. A Rayleigh fading environment is considered in which the channel power gains are exponentially distributed with unit mean. Channel gains are independent from each other as well as from the spatial locations of the UEs and BSs. The UEs employ FPC with parameter ∈ [0, 1] to partially compensate for the path-loss attenuation [15] , [16] . The values = 0 and = 1 correspond, respectively, to the constant transmit power and full path-loss inversion. At full path-loss inversion, every UE intends to maintain an average received power of ρ at its serving BS [17] . However, fractional path-loss inversion may be adopted to mitigate prominent interference induced by UEs located far-away from their serving BSs at the expense of maintaining lower average received powers at their serving BSs. Overall, the transmit power of a typical UE to its intended BS at distance d is P = ρd η . A sufficiently dense network scenario is considered such that every UE can invert the path loss to the serving BS.
III. COVERAGE PROBABILITY ANALYSIS Without loss of generality, we conduct the analysis on a test BS located at an arbitrary origin and denote the location of the test UE as where r denotes the intended link distance [15] .
To study the joint transmission and retransmission performance, we consider a snapshot of two 2 arbitrary, but consecutive, time-slots over which Ψ B and Ψ u are static and only the channel gains and the transmission/retransmission states of interfering UEs are allowed to change. In compliance with the 3GPP [18] , we assume a power ramping scheme such that the UEs change their transmission powers upon transmission failures.
We focus on a two-level power ramping scheme realized by selecting a path-loss compensation factor of
for newpacket transmission and
for all subsequent retransmissions until transmission success. Power-up and power-down ramping schemes can be realized by choosing
i , respectively. With slight abuse of notation, we use j ∈ {T , R} to denote that a time-slot/user's state in that time-slot is either a new-transmission time-slot/state (T) or a retransmission time-slot/state (R). State transition diagram for transmission/retransmission states is shown in Fig. 1 
∈ {Ψ u \x 0 }} contain the distances between the test BS and all interfering UEs operating in the j th time slot. Then, the SIR at j th time-slot at the test BS is
where r 0 = x 0 is the intended link distance, r i represents the distance between the interfering users and the tagged BS,
is the test UE's transmit power,
is the 2 The extension to multiple time-slots can be done at the expense of more involved expressions. Fig. 1 . State transition diagram for the transmission and retransmission states, where P (j ) and P (j ) are the transmission success probability and the transmission power at state j ∈ {T , R}, respectively. power control parameter for the test UE at time-slot j 0 ,
is the power control parameter of the i th UE in the j th i time-slot, andg
are the intended and interfering channel gains at time-slots j 0 and j i , respectively. For notational convenience, the subscripts for the transmission phases j are dropped hereafter, keeping in mind that the intended link and each of the transmitting links can independently be in either of the T or R phases.
Let ζ j denote the probability that an interfering UE is employing (j ) i and I (j ) denote the total aggregate interference when the intended link is at the j th time-slot. We define the Laplace transforms (LTs) of the marginal and joint probability distribution function (PDF) of the aggregate interference as L (j )
)}, respectively. Both LTs are characterized via the following lemma.
Lemma 1: The LT of the aggregate interference resulting from the UEs employing FPC is given by
Further, the joint LT of interference powers I (T ) and I (R) is given by (3) as shown at the bottom of this page. Proof: The proofs of equations (2) and (3) follow from the probability generating functional (PGFL) of PPPs and the moment generating function (MGF) ofg [15] . Assuming fixed transmission rate of ln(1 +θ) [nats/sec/Hz], the probability of successful packet transmission is defined as P (j ) = P(Ῡ (j ) > θ), j ∈ {T , R}. Utilizing Lemma 1, we derive the average coverage probability in the next theorem.
Theorem 1: The coverage probability for a single transmission at an arbitrary time instance j, for a predefined SIR threshold θ, is given as
Further, the average coverage probability within any of the T or R time slots is given by
(5) where the marginal coverage probabilities are expressed in (4) and the joint coverage probability is given by
where
Proof: Eq. (4) follows from the complementary cumulative distribution function (CCDF) of the exponential random variableg
(j ) 0 , and by averaging over the pdf of r 0 given as f r 0 (r ) = 2πλ B re −πλ B r 2 , r 0 > 0. Eq. (5) follows from the law of total probability. The joint CCDF ofῩ (T ) andῩ (R) can be expressed as The probabilities ζ j are required to compute the LTs in Lemma 1 and the success probabilities in Theorem 1. According to the two state Markov model in Fig. 1 , the steady state probabilities for being in T and R states are given by
The computation of ζ j in (7) requires the knowledge of the transmission success probabilities, which introduces an interdependence problem between the success probabilities P (j ) and the steady state probabilities ζ j . Since the system of equations in (4) and (7) cannot be solved in closed form for P (j ) and ζ j , we propose the iterative solution shown in Fig. 2 , which converges by virtue of the fixed point theorem. The proof follows [19, Appendix B] .
IV. NUMERICAL AND SIMULATIONS RESULTS We first verify the accuracy of the proposed mathematical model via Monte Carlo simulations. Unless otherwise stated, the simulations setup is as follows; the power control parameter ρ = − 50 dBm, the path-loss exponent η = 4, and the BSs intensity λ B =4 BSs/km 2 . Fig. 3 shows the coverage performance for the single transmission, retransmission with correlated SIRs (i.e., fixed network topology), and retransmission assuming independent SIRs (i.e., independent network topologies) for (T ) = (R) = . The figure manifests the negative impact of temporal SIR correlation on temporal diversity. The figure also shows the interesting tradeoff, imposed by power control, between the SIR coverage probability and retransmission diversity. Full path-loss inversion makes the SIR coverage probability independent of the UE association distance, which makes the SIRs at the two time slots almost independent (see Fig. 3(a) ) but at the expense of increasing the interference level and degrading the coverage probability at high SIR thresholds. Decreasing the path-loss compensation induces more correlations among the SIRs across the two time slots and degrades the temporal diversity, but improves the performance at high SIR threshold due to the decreased interference level in the network as shown in Figs. 3(b) and 3(c) . Fig. 4 shows the effect of power ramping via varying upon transmission failure on the correlated success probability P (T ,R) . Fig. 4(a) focuses on the power-up ramping scheme with (T ) = 0.5 and (R) ≥ 0.5. The figure illustrates that increasing (R) deteriorates the coverage performance. Despite that increasing (R) improves the temporal diversity, such increase aggravates the aggregate interference induced from UEs in the retransmission phase that deteriorates P (T ,R) . Figs. 4(b) and 4(c) provide a closer look into the power-ramping performance. Particularly, Fig. 4(b) shows a counterintuitive behavior of improving (degrading) the overall success probability (i.e., P (T ,R) ) when ramping-down (ramping-up) the transmission power in the retransmission phase. This is only true for (T ) ≥ 0.5, which is the optimal power control factor in channel inversion based power control [16] . For completeness, we also plot the coverage probability for (T ) = 0, which is almost a concave function of (R) . Note that (T ) = 0 does not offer a fair comparison as it does not impose any power control in the uplink.
To further investigate the power ramping behaviour, the explicit success probabilities (P (T ) , P (R) , and P (T ,R) ) are plotted in Fig. 4(c) . The figure shows that P (T ) = P (R) for (T ) = (R) and that P (T ,R) is slightly higher due to the temporal correlation of SIR. Ramping-up the power (T ) < (R) improves the retransmission success at the expense of significant deterioration in P (T ) due to aggravating the aggregate interference. Thus leading to deterioration in the overall success probability as almost 95% of the UEs go to the retransmission phase. On the other hand, ramping-down the transmission power sacrifices the retransmission success probability but significantly improves the first transmission success probability, which improves the overall success probability. Note that the amount of deterioration in the retransmission performance for the ramping-down scheme is much less than the deterioration of the first transmission performance in the ramping-up scheme. Hence, ramping down strategy is advocated for interference limited networks to improve the overall success probability.
V. CONCLUSION
This letter studies the effect of power control on the temporal correlation of signal-to-interference-ratio (SIR) in uplink cellular networks with fractional path-loss inversion power control. In particular, this letter characterizes the tradeoff imposed by the path-loss compensation factor on the inter-cell interference and retransmission diversity. The results show that increasing the path-loss compensation factor improves the retransmission diversity at the expense of increasing the inter-cell interference. Adopting a ramping-up strategy prioritizes retransmissions at the expense of significant deterioration in the first transmission, which diminish the overall success probabilities. To this end, we advocate a powerdown ramping strategy that is shown to improve the first transmission as well as the overall success probabilities.
